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Fig. 3 HMM

Fig. 4 /k/ 4

GMM μk,t, σ
2
k,t, wk,t

2.3

[6]
Hidden Markov Model; HMM

Fig. 3
HMM

HMM
HMM

l CWM wk,l

σk,l σk,l ρk,l σk,l

ρk,l
uk,l

(Hidden Semi-Markov
Model; HSMM [13] HSMM

Fig. 4 /k/

HMM

: {wk,l, ρk,l, uk,l}k,l
: {/a/i, /k/i, /o/i, . . . }i
: s = {sl}l
:

P (wk,l|sl) = Gamma(wk,l; a
(w)
k,sl

, b
(w)
k,sl

)

P (ρk,l|sl) = Gamma(ρk,l; a
(ρ)
k,sl

, b
(ρ)
k,sl

)

P (uk,l|sl) = N (uk,l;mk,sl , η
2
k,sl

)
: Φi′,i = P (sl = i|sl−1 = i′)
: Φi = P (s1 = i)

Gamma(x; a, b)

Gamma(x; a, b) = xa−1 exp(−x/b)

Γ(a) ba
(4)

2.1
uk,l

μk,l

P (μk,l|{uk,l}l, sl) = LN (Gk,l
l∗uk,l, ν

2
k,sl

), (5)

LN (x;μ, σ2)
log x N (x;μ, σ2)

Gk,l (1) G(t)

αk
l∗

ρ = {ρk,l}k,l,w = {wk,l}k,l,u = {uk,l}k,l,μ =
{μk,l}k,l

CWM s
yω,l

P (yω,l|ρ,w,μ, s) = Poisson(yω,l;φω,l) (6)

Poisson(x;λ)
λ

I
x λ

[14]

Θ = {ρ,w,μ,u, s,θ} θ =

{b(w)
k,i , b

(ρ)
k,i ,mk,i}k,i
Y = {yω,l}ω,l

P (Θ|Y )

3

{a(w)
k,i , a

(ρ)
k,i , η

2
k,i, ν

2
k,i}k,i, {αk}k

θ
P (Θ|y) Θ

logP (Θ|y)

logP (Θ|y) c
= logP (y|Θ)P (Θ) (7)

logP (Θ)
c
= logP (s)P (ρ|s,θ)P (w|s,θ)

P (u|s,θ)P (μ|s,u,θ) (8)

c
=

− logP (y|Θ)
yω,l

φω,l I
[14]

∑
ω

ψk,ω,l �
∫ ∞

−∞

wk,l√
2πσk,l

exp

(
− (ω − μk,l)

2

2σ2
k,l

)
dω

= wk,l (9)

- 278 -日本音響学会講演論文集 2013年3月



− logP (y|Θ)
c
=
∑
ω,l

(
yω,l log

yω,l

φω,l
− yω,l + φω,l

)
c
=
∑
ω,l

(φω,l − yω,l log φω,l)

�
∑
k,l

wk,l −
∑
ω,l

yω,l log φω,l (10)

−yω,l log φω,l

Jensen

−yω,l log φω,l ≤ −yω,l

∑
k

γk,ω,l log
ψk,ω,l

γk,ω,l
(11)

− logP (μ|s,u)
(∑

τ Gk,l−τuk,τ

)2
Jensen

(∑
τ

Gk,l−τuk,τ

)2

≤
∑
τ

(Gk,l−τuk,τ )
2

λτ,k,l
(12)

[15]
− logP (μ|s,u) (log μk,l)

2

(log μk,l)
2 ≤ 1

μk,l
+

(
2 log ξk,l

ξk,l
+

1

ξ2k,l

)
μk,l

+ | log ξk,l|2 − 2 log ξk,l −
2

ξk,l
(13)

[16]
γk,ω,l, λτ,k,l, ξk,l
(11) (13) − log p(Θ|Y )

λτ,k,l =
Gk,l−τuk,τ∑
τ ′ Gk,l−τ ′uk,τ ′

(14)

γk,ω,l =
ψk,ω,l

φω,l
(15)

ξk,l = μk,l (16)

Θ
0

μ

mk,i =

∑
l∈Ti

uk,l

η2
k,sl∑

l∈Ti

1
η2
k,sl

(17)

b
(ρ)
k,i =

∑
l∈Ti

ρk,l∑
l∈Ti

a
(ρ)
k,sl

, b
(w)
k,i =

∑
l∈Ti

wk,l∑
l∈Ti

a
(w)
k,sl

(18)

uk,l =

mk,sl

η2
k,sl

+
∑

τ≥l
Gk,τ−l log μk,τ

ν2
k,sτ

1
η2
k,sl

+
∑

τ≥l

G2
k,τ−l

ν2
k,sτ

λl,k,τ

(19)

Fig. 6 No.436 /a/
GMM

ρk,l =
2(a

(ρ)
k,sl

− 1) +
∑

ω yω,lγk,ω,l

2

b
(ρ)
k,sl

+
∑

ω yω,lγk,ω,l(ω − μk,l)2
(20)

wk,l =
a
(w)
k,sl

− 1 +
∑

ω yω,lγk,ω,l

1

b
(w)
k,sl

+ 1
(21)

Ti = {l|sl = i} μ

p3μ
3
k,l + p2μ

2
k,l + p1μk,l + p0 = 0 (22)

p3 =
∑
ω

yω,lγk,ω,lρk,l (23)

p2 =
2ξk,l log ξk,l + 1

2ν2k,slξ
2
k,l

−
∑
ω

yω,lγk,ω,lρk,lω (24)

p1 = 1− 1

ν2k,sl

∑
τ≤t

Gk,l−τuk,τ (25)

p0 = − 1

2ν2k,sl
(26)

(22) − logP (Θ|y)
μk,l

P (Θ|y)
Θ

4

2 ATR
B [17]

1 No.1 No.400 400
θ

CWM
θ

STRAIGHT[18]
s

GMM 10
10 αk = 50

CWM [8] Chain

No.436

Fig. 5 Fig. 6 Fig. 5

- 279 -日本音響学会講演論文集 2013年3月



Fig. 5 No.436 ( ) ( )
( )

No.436

Fig. 6 No.436 /a/
GMM

5

α

[7]

[1] , , “
,” ( ), No. 3-2-7, pp. 589–590,

1979.
[2] , , “

,” NTT
, Vol. 29, No. 7, pp. 1263–1276, 1980.

[3] , “
HMM ,”

, SP2003-122, pp. 55–60, 2003.
[4] S. Furui, “Speaker-independent isolated word

recognition using dynamic features of speech
spectrum,” IEEE Trans. Acoust., Speech, Sig-
nal Process., Vol. 34, No. 1, pp. 52–59, 1986.

[5] H. Fujisaki, In Vocal Physiology: Voice Produc-
tion, Mechanisms and Functions, (O. Fujimura,
ed.) Raven Press, pp. 347–355, 1988.

[6] , “ F0

,” ( ), No. 1-1-3, pp. 207–210, 2010.
[7] , “F0

,” ,
Vol. 2012-SLP-92, No. 9, pp. 1–6, 2012.

[8] , “
HMM ,” ( ), No. 2-2-7,

pp. 287–290, 2012.
[9] , “

,” ( ), to appear, 2013.
[10] , “

,” , , 1977
[11] , “

,” , Vol. 105, No. 372, pp. 1–6,
2005.

[12] P. Zolfaghari, T. Robinson, “Formant Analy-
sis using Mixtures of Gaussians,” in Proc. IC-
SLP’96, Vol. 2, pp. 1229–1232, 1996.

[13] J. D. Ferguson, “Variable duration models
for speech,” Symposium on the Application of
Hidden Markov Models to Text and Speech,
pp. 143–179, 1980.

[14] H. Kameoka, “Statistical Approach to Multip-
itch Analysis,” Ph.D. Thesis, The University of
Tokyo, 2007.

[15] , “

,” ( ), No. 3-8-10, pp. 705–708, 2008.
[16] H. Kameoka et al., “Constrained and regular-

ized variants of non-negative matrix factoriza-
tion incorporating music-specific constraints,”
in Proc. ICASSP’12, pp. 5365–5368, 2012.

[17] A. Kurematsu et al., “ATR japanese speech
database as a tool of speech recognition and
synthesis,” Speech Communication, Vol. 27,
pp. 187–207, 1999.

[18] H. Kawahara et al., “Restructuring speech
representations using a pitch-adaptive time-
frequency smoothing and an instantaneous-
frequency-based F0extraction,” Speech Com-
munication Vol. 27 No. 3-4 pp. 187–207
1999

- 280 -日本音響学会講演論文集 2013年3月


